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Introduction
The sex determination mechanism of Drosophila melanogaster is the most well-understood among all insects. Specifically, gene dosage of X chromosome-encoded signal elements (XSEs) is the molecular signal that determines femaleness in Drosophila (Erickson and Quintero, 2007) . In other Dipteran species, such as Megaselia scalaris (Traut et al., 1994) , Ceratitis capitata (Willhoeft and Franz, 1996) , Bactorocera tryoni (Shearman and Frommer, 1998) , and Lucilia cuprina (Bedo and Foster, 1985) , maleness is determined by the presence of the Y chromosomelinked maleness factor. The mosquito, Culex tritaeniorhynchus, which belongs to a basal dipteran lineage, has no sex chromosomes, and the male sex of this insect is determined by the dominant gene on the autosome (Baker and Sakai, 1976) . In Hymenoptera, the diploid/haploid sex-determination system is well-known (Beukeboom, 1995) .
In the study described herein, we focused on the sex determination mechanism in Bombyx mori (B. mori) as an initial step to understanding the molecular mechanisms underlying sex determination of lepidopteron insects. The sexual fate of B. mori is determined genetically; ZW, female and ZZ, male (Hasimoto, 1933) . Recently, we successfully identified a strong candidate gene at the top of the sex determination cascade of B. mori. This gene was named Feminizer (Fem) (Kiuchi et al., 2014) , and was revealed as a source of Fem-piRNA. Further, splicing of the B. mori doublesex (Bmdsx) gene was markedly altered to produce the male-type isoform when a Fem-piRNA inhibitor was injected into ZW embryos (Kiuchi et al., 2014) . Moreover, knockdown of Masculinizer (Masc), a downstream target of FempiRNA, altered to produce the female-type isoform of Bmdsx in male embryos (Kiuchi et al., 2014) . However, it remained unclear as to whether Masc directly regulates the sex-specific expression of Bmdsx.
In insects, the doublesex (dsx) gene, which produces femaleand male-specific RNAs by sex-specific alternative splicing, acts at the downstream end of the sex determination cascade (Shukla and Nagaraju, 2010) . In Drosophila melanogaster, femalespecific splicing of dsx requires both TRA and TRA-2 (Nagoshi and Baker, 1990 ). However, a tra ortholog has not been identified in the Bombyx genome (Mita et al., 2004) . Moreover, RNAi knockdown of the Bombyx ortholog of tra-2 does not influence sex-specific splicing of Bmdsx pre-mRNA (Suzuki et al., 2012) . Therefore, it is hypothesized that the cascade of sexdetermination genes differs upstream of the dsx gene in B. mori (Nagaraju et al., 2014) .
We previously determined that Bombyx homologs of IGF-II mRNA-binding protein and P-element somatic inhibitor (denoted as Imp and Bmpsi, respectively) are involved in the male-specific splicing of Bmdsx (Suzuki et al., 2008 (Suzuki et al., , 2010 . While Bmpsi is expressed in both females and males (Suzuki et al., 2008) , Imp produces two splice variants, one of which is expressed specifically in various tissues in males (Suzuki et al., 2008 (Suzuki et al., , 2014b . The protein product of the male-specific isoform of Imp (denoted as Imp M ) physically interacts with BmPSI in vitro, and transfection of cDNAs encoding these two proteins into female cultured cells shifts Bmdsx splicing to the male-specific mode (Suzuki et al., 2010) . Therefore, it is likely that a factor controlling male-specific expression of Imp M serves as a key regulatory factor in the sex determination cascade of B. mori.
In an attempt to clarify the genetic relationship between Fem, Masc, Imp M , and Bmdsx, we performed knockdown experiments using LNA-DNA gapmers and gene-specific siRNAs. Here, we describe a new plausible model for the sex determination cascade in B. mori.
Results

Fem knockdown by LNA-DNA gapmers
In our previous study, the splicing pattern of Bmdsx was markedly altered to produce the male-type isoform when a FempiRNA inhibitor was injected into female embryos (Kiuchi et al., 2014) . In the present study, we tried to inhibit not Fem-piRNA, but Fem gene expression. Fem knockdown was achieved using anti-sense LNA-DNA gapmers. LNA-DNA gapmers are known to efficiently degrade not only mRNA but also noncoding RNA (Mayer et al., 2006; Probst et al., 2010) . Therefore, Fem anti-sense LNA-DNA gapmers (Fig. 1a) were designed and injected into eggs at the preblastoderm stage.
As shown in Fig. 1b , quantitative real-time polymerase chain reaction (qRT-PCR) analysis confirmed a significant reduction in Fem mRNA in female embryos injected either with Fem gap1 or Fem gap2. Furthermore, when female eggs were injected with Fem gap1, Fem expression was repressed to <15% that of the control. To determine whether Fem knockdown affects the expression of genes involved in sex determination, RT-PCR analysis was performed to investigate the expression patterns of Bmdsx and Imp M with cDNA prepared from each embryo. qRT-PCR analysis was also performed to investigate the expression of Masc and Imp M in females ( Fig. 1e and f) . Male-specific splicing of
Bmdsx was observed in all male embryos injected with either Fem gap1 or Fem gap2 (n = 15; Fig. 1c , lanes 5 and 6), similar to that observed in the controls (Fig. 1c, lane 4) . Femalespecific splicing of Bmdsx was seen in control female embryos (Fig. 1c, lane 1) . On the other hand, LNA-DNA gapmer-mediated knockdown of Fem in female embryos led to the production of the male-type Bmdsx in both Fem gap1-and Fem gap2-injected females (Fig. 1c, lanes 2 and 3) . Although the malespecific splice variant of Bmdsx was not detected when the control gapmer was injected into female embryos, the percentage of male-specific splicing of Bmdsx was >60% in Femknockdown females (Fig. 1d) 
Knockdown of Masc by siRNAs
Small interfering RNA (siRNA)-mediated knockdown of Masc in male embryos led to production of the female-type Bmdsx transcripts (Kiuchi et al., 2014) . However, the genetic cascade from Masc to Bmdsx remains unknown. It also remains unclear whether Imp M is a downstream target of Masc or not. In order to examine the function of Masc in the sex-determination cascade in greater detail, Masc knockdown was performed using siRNA according to a previous report (Kiuchi et al., 2014) . For this purpose, RT-PCR analysis was performed to investigate the expression patterns of Bmdsx and Imp M in embryos injected with siRNAs targeting Masc mRNA, as illustrated in Fig. 2a . Knockdown of Masc had no effect on the splicing pattern of Bmdsx in female embryos injected either with Masc siRNA1 or Masc siRNA2 (n = 15; Fig. 2b , lanes 2 and 3). On the other hand, knockdown of Masc led to production of the female-type Bmdsx in both Masc1-and Masc2-injected male embryos (Fig. 2b , lanes 5 and 6). Although the female-specific splice variant of Bmdsx was not detected in control male embryos, the percentage of the female-specific splice variant was >80% in Masc-knockdown male embryos (Fig. 2c) . Moreover, knockdown of Masc in males caused a dramatic reduction in Imp M expression (Fig. 2d) . Specifically, the expression of Imp M in Masc siRNA2-injected males was repressed to <5% relative to the controls, consistent with the fact that Imp M expression was not detected by RT-PCR analysis in Masc siRNA2-injected males (Fig. 2b, Fig. 3d ), and was 0-30% in nine males (Fig. 3c , lane 5; Fig. 3d ). Two Imp M knockdown males showed no male-specific splice variants (Fig. 3c, lane 6; Fig. 3d ), whereas injection of the negative control LNA-DNA gapmer had no influence on the splice pattern of Bmdsx in male embryos (Fig. 3c, lane 3) . These results are consistent with our previous findings suggesting that Imp M is required for the male-specific splice variant of Bmdsx premRNA (Suzuki et al., 2010 3.
Discussion
In the present study, the effects of Fem knockdown were examined using anti-sense LNA-DNA gapmers to repress the entire Fem gene transcript. Consistent with previous reports using anti-sense LNA-DNA gapmers (Mayer et al., 2006; Probst et al., 2010) , we successfully repressed the expression of target genes using anti-sense LNA-DNA gapmers.
Knockdown of Fem in female embryos led to significantly higher expression of Masc and Imp M and shifted Bmdsx splicing to the male-specific mode (Fig. 1c-f ). These results demonstrate that Masc, Imp M and Bmdsx are located downstream of Fem in the sex determination cascade, consistent with our previous finding that Fem is a source of FempiRNA that directly silences Masc expression through FempiRNA-mediated cleavage of Masc mRNA (Kiuchi et al., 2014) .
Masc knockdown experiments demonstrated that Imp M is a downstream target of Masc. Our previous data indicated that protein product of Imp binds to its own pre-mRNA to shift Bmdsx splicing to the malespecific mode (Suzuki et al., 2014b) . As shown in Kiuchi et al (2014) , Masc is only transiently upregulated in males at early embryonic stages (Kiuchi et al., 2014) . Hence an interesting idea would be that this initial upregulation of Masc is needed to boost the expression of Imp to a level which is sufficient to impose the male splicing mode on its own RNA. As a result, a feedback loop is established which sustains the production of a constant level of Imp M variants needed for male splicing of Bmdsx. In females Fem prevents the initial upregulation of Masc, and therefore, Imp levels remain below a level to activate male splicing of their RNA.
Our data indicate that a slight change in Masc expression greatly influences the expression of downstream genes. In B. mori, absence of the W chromosome determines the male sex. However, the presence of a single Z chromosome in the genome (ZO) causes female development, whereas the presence of two Z chromosomes (ZZ) leads to male development in several lepidopteron species (Sahara et al., 2012 ness, but is also involved in dosage compensation of Z chromosome-linked genes; Masc protein globally represses gene expression from the male Z chromosome at the embryonic stage (Kiuchi et al., 2014) . Similarly, dosage compensation of X chromosome-linked genes is achieved in mammals through the silencing of one of the two X chromosomes in female cells (Gendrel and Heard, 2014) . The process of X-chromosome inactivation is initiated by a unique locus, which produces a long non-coding RNA termed Xist (X-inactivespecific-transcript). Xist induces a cascade of chromatin changes, including histone modifications, such as histone H3K27 trimethylation, and DNA methylation, leading to the stable repression of all X-linked genes (Simon et al., 2013) . Masc is predicted to encode a CCCH-type zinc finger protein (Kiuchi et al., 2014) . Therefore, it is possible that the Masc protein may specifically bind to the Z chromosome and induce histone modifications and DNA methylation to globally repress gene expression from the male Z chromosome. Recently, provocative studies point to a key function of chromatin structure and histone modifications in alternative splicing regulation (Alló et al., 2010; . Our previous study demonstrated that histone H3 methylation was strongly correlated with male-specific splicing of Imp, leading to the production of the Imp M isoform (Suzuki et al., 2014a) . Since
Imp is located on Z chromosome, histone modifications by Masc might also facilitate the male-specific splicing of Imp. Further research is needed to elucidate the mechanism by which Masc regulates the male-specific alternative processing of Imp mRNA. Based on the findings described earlier, we propose a genetic cascade regulating sex determination in B. mori (Fig. 4) . variant of Bmdsx is produced by default splicing (Suzuki et al., 2001 
Experimental procedures
Preparation of LNA-DNA gapmers
LNA-DNA gapmers utilized in the knockdown experiments were purchased from Gene design, Inc. (Osaka, Japan). Sequences of the LNA-DNA gapmers are listed in Table 1 . A negative control LNA-DNA gapmer was designed according to Probst et al. (2010) .
Preparation of siRNAs
Knockdown of Masc expression by RNAi was achieved using the same siRNA as that used in a previous study (Kiuchi et al., 2014) , and was kindly provided by Dr. Kiuchi Takashi at The University of Tokyo. Silencer negative control #1 siRNA (Ambion, Austin, TX, USA) served as a negative control.
Silkworm strain
The silkworm sex-limited-strain S-2, which produces nondiaposed and sex-limited black eggs, was used for the experiments described herein. In this strain, red eggs (re/re) represent males (Z/Z) and black eggs (+ re /re) represent females (Z/ W). The S-2 strain is homozygous for the pnd mutation, and therefore, yields non-diapose eggs. This sex-limited strain was derived from 2pB (Sakai et al., 2013) and has a large chromosome composed of the W chromosome, chromosome 2 bearing the pB gene, and chromosome 5 bearing the + re gene (Tanaka et al., 2000) . Female eggs have a T (W; 2, 5) pB + re genotype (egg, black; larva, black), while male eggs have a re genotype (egg, red; larva, white). Sexing of embryos based on egg color was performed according to a protocol reported previously Suzuki et al., 2014a) . Developing eggs were incubated at 25°C. Larvae were reared on an artificial diet (Nihon, Nosan) at approximately 25°C.
Injection of LNA-DNA gapmers and siRNAs
LNA-DNA gapmers and siRNAs were injected into eggs as described previously (Suzuki et al., 2012) . All LNA-DNA gapmers and siRNAs were injected at a final concentration of 50 µM.
RNA extraction and RT-PCR
Total RNA was extracted from each egg using Isogen (Nippon Gene). Total RNA was treated with DNase I to remove genomic DNA when total RNA was used for expression analysis of Fem mRNA. DNase I treatment was performed using a TURBO DNAfree TM kit (Applied Biosystems) according to the manufacturer's instructions. RT-PCR was performed from single embryo according to a protocol described previously (Suzuki et al., 2012) . The female-and male-specific Bmdsx isoforms were amplified as described previously . Male Imp a and Male Imp e primers (Suzuki et al., 2014b) were used to amplify Imp M cDNA under the following conditions: 94°C for 2 min, 30
cycles of 98°C for 10 s, 55°C for 30 s, and 72°C for 90 s, followed by 72°C for 2 min. Amplification of GAPDH cDNA, which served as a positive control for RT-PCR, was performed as described previously . Two of the 67 examined embryos (2.9%) showed no expression of Bmdsx and were assumed to be dysontogenesis individuals and therefore not subjected to subsequent analysis. Product DNAs were quantified using the Image J 1.47v software (Wayne Rasband, National Institutes of Health, USA: http://rsb.info.nih.gov/ij/). Results are expressed as the percentage of RT-PCR products representing female or male splice variants relative to the sum of femalespecific and male-specific splice variant products.
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR assays were performed using SYBR Premix Ex Taq II (TaKaRa Bio Inc.) on a Thermal Cycler Dice Real Time System (TaKaRa Bio Inc.) according to the manufacturer's instructions. BmEF-2F1 and BmEF-2R1 primers reported previously (Koike et al., 2003) were used to amplify elongation factor-2 (EF-2), which served as an internal standard. FemQ-F and FemQ-R were used for the quantification of Fem gene expression. FemQ-F and FemQ-R primer sequences are listed in Table 1 . Masc-F and Masc-R primers were used for the quantification of Masc gene expression according to a previous study (Kiuchi et al., 2014) . IMPE7F1 and BmIMPR1 primers reported previously (Suzuki et al., 2014a) were used for the quantification of Imp M gene expression. The threshold cycle (CT) value was normalized to the CT value of the EF-2 gene using the Multi-plate RQ software (TaKaRa Bio Inc.). 
